We investigated the microphase separation behavior of well-defined poly(arylene ether sulfone)-b-polylactide (PES-b-PLA) diblock copolymers. PES was synthesized by the nucleophilic aromatic substitution polymerization of 4-fluoro-4′hydroxydiphenyl sulfone potassium salt in the presence of an allyl-functionalized initiator, which follows a chain growth condensation polymerization mechanism. A hydroxyl group installed via a thiol-ene reaction was utilized as the initiating site for the ring opening polymerization of d,l-lactide, producing the target polymer. The polymers were further purified by preparative size-exclusion chromatography and analyzed by small-angle X-ray scattering with temperature variations from room temperature to 150°C. The PES block was glassy in the employed temperature range, but the PLA chains provided sufficient mobility for ordering of the block copolymer when PES was the minor fraction. An order-disorder transition (ODT) with changing temperature could not be located because PLA was not stable above 170°C. From the degree of polymerization values of the polymers near the ODT, the Flory-Huggins interaction parameter, χ, could be roughly estimated as 0.12 at 150°C. This high χ value suggests that engineering plastic-containing block copolymers could be useful in advanced lithographic and filtration applications.
Introduction
Block copolymers represent a class of hybrid macromolecules consisting of different polymer blocks joined by covalent bonds. The incompatibility between the constituent blocks is expressed by the Flory-Huggins interaction parameter χ. Because the segregation strength is given as a function of χN, where N is the degree of polymerization [1] , a high χ is crucial for achieving microphase separation at low N and creating suitably small nanostructures [2] . Achieving features smaller than 10 nm are of great interest for lithographic applications [3] . Reducing the microdomain size is also important for templating ultrafiltration membranes from a microphaseseparated block copolymer precursor and generating welldefined nanopores (<10 nm) [4, 5] .
High-χ block copolymer systems prepared by pairing highly chemically distinct polymer blocks have been explored. Mechanistic transformations from one polymerization mechanism to another are typically used to grow a second polymer starting from the end of the first polymer block [6] . Aliphatic hydrocarbon backbones prepared by the controlled polymerization of vinyl monomers have been combined with polymers containing heteroatoms in their backbone, such as polyethers, polyesters, and polysiloxanes, via ring opening polymerizations (ROPs), and these systems have been explored for lithographic and separation applications [7, 8] . A heterofunctional initiator approach, which requires a molecule possessing functionalities suitable for initiating both polymerizations, has also been used to produce such block copolymers [6] .
Another highly dissimilar polymer family, aromatic polymers typically prepared by condensation polymerizations, such as polyamides, polyesters, and polyethers can be introduced in block copolymer architectures by chain growth condensation polymerization (CGCP) [9] [10] [11] . CGCP can be used to grow these condensation polymers and some conjugated polymers in a chain-growth manner. An AB'-type monomer is designed to not self-polymerize by suppressing the reactivity of B', but it reacts with a B initiator to produce a BAB' adduct. The formation of the A-B bond restores the reactivity of B' and allows further propagation with more AB' monomers, resulting in controlled growth from the B initiator. The synthesis of well-defined poly(arylene ether sulfone) (PES) via CGCP has been demonstrated by the Yokozawa and Kim groups, and chain-end modification was used to produce their block copolymers containing aliphatic hydrocarbon polymer segments [12] [13] [14] .
The combination of CGCP with ROP is surprisingly underexplored, and their microphase separation behavior is unknown. Nonetheless, combining aromatic polymers that provide high chemical stability and excellent mechanical properties with readily degradable aliphatic polyesters, such as polylactide (PLA), may provide unique opportunities for developing next-generation nanoporous membranes with well-defined pore structures and sizes. We note that polyamides and polyethers are very useful in membrane applications, and particularly PES is widely used in ultrafiltration membranes [15] . We have reported that a PLA-b-PES-b-PLA triblock copolymer consisting of a high-molar-mass PES middle block can be synthesized by combining conventional step-growth polymerization with ROP [16] . By performing nucleophilic aromatic substitution (S N Ar) polymerization followed by chain-end modification, PLA could be grown from the PES chain ends to form the triblock architecture. Despite the broad molar mass distribution originating from the step-growth nature of PES, microphase separation was observed, and the PLA could be selectively removed to produce a mechanically robust, free-standing, nanoporous membrane.
Recently, we developed a synthetic route to welldefined and end-functionalized PES by using an allylfunctionalized initiator in the CGCP [17] . Since the allyl group was intact during the CGCP, it was possible to introduce a hydroxyl group by a thiol-ene reaction with 2-mercaptoethanol. We briefly reported that PES-b-PLA can be obtained by using the hydroxyl group as an initiating site for lactide polymerization, and the polymer exhibits lower critical solution temperature behavior in 1,2-dimethoxyethane. Here, we present the synthesis and microphase separation behavior of PES-b-PLAs with PES and PLA blocks with different molar masses. We successfully synthesized PES-b-PLAs with number-average molar masses (M n values) of 4.7-30.1 kg mol −1 and investigated their microphase separation behavior by small-angle X-ray scattering (SAXS) analysis. By varying the composition of the PES-b-PLA, several phases exhibiting lamellar, cylindrical and spherical morphologies were identified. At 150°C, the χ values of the PES-b-PLAs with relatively symmetric compositions in the vicinity of the order-disorder transition (ODT) were estimated to be in the range of 0.115 < χ < 0.130. The high χ values indicate strong incompatibility between PES and PLA, as expected, leading to a small domain spacing of 14 nm in the ordered lamellar phase of PES-b-PLA with a molar mass of 8.4 kg mol −1 . We also observed a gyroid morphology from the as-synthesized PES-b-PLA containing PES homopolymer, suggesting that the phase behavior can be enriched by blending with selective additives.
.0]undec-7-ene (DBU), anhydrous dimethyl sulfoxide (DMSO), anhydrous N,N-dimethylformamide (DMF), and anhydrous toluene were purchased from Sigma Aldrich (St. Louis, MO). Both d-lactide (99%) and l-lactide (99%) were kindly provided by Corbion Purac (Amsterdam, Netherlands), and d,l-lactide was obtained by recrystallization of a racemic mixture of d-lactide and l-lactide in ethyl acetate. Benzoic acid (99.5%) and other laboratory chemicals used in the work-up process were purchased from Daejung (Siheung, Korea) and were used without further purification. 4-Fluoro-4′hydroxydiphenyl sulfone and 4-fluoro-4′-hydroxydiphenyl sulfone potassium salt were synthesized according to the procedures in the literature [12] . 1-(Allyloxy)-4-((4-fluorophenyl)sulfonyl)benzene was also synthesized following a procedure reported elsewhere [17] .
Methods 1 H nuclear magnetic resonance (NMR) spectroscopy was conducted using a Bruker Avance 400 MHz spectrometer (Billerica, MA) using the residual NMR solvent signal as an internal reference. The molar mass and dispersity (Ð) of the synthesized polymers were measured using an Agilent Infinity 1260 series (Santa Clara, CA) sizeexclusion chromatography (SEC) system equipped with an Optilab T-rEX refractive index detector (Santa Barbara, CA) and PLgel 10 μm MIXED-B columns. Chloroform was used as an eluent at 35°C, and the number-and weight-average molar masses (M n,SEC and M w,SEC values) of the polymers were calculated relative to linear polystyrene standards (EasiCal) purchased from Agilent Technologies. The preparative SEC separations were performed in chloroform at room temperature with a flow rate of 10 mL min −1 on a LaboACE LC-5060 system (Tokyo, Japan). The instrument was equipped with a JAIGEL-HR-P precolumn (ID 40 × 8.0 mm), a 2.5HR column (ID 600 × 20.0 mm), and a 3HR column (ID 600 × 20.0 mm) with exclusion limits of 20 and 70 kg mol −1 , respectively. Differential scanning calorimetry (DSC) was performed on a Netzsch DSC204 F1 Phoenix instrument (München, Germany) at a scan rate of 10°C/ min under a N 2 atmosphere. Synchrotron SAXS experiments were performed at the 9A U-SAXS beam line in the Pohang Accelerator Laboratory. A monochromatized X-ray radiation source of 11.025 keV with a sample-todetector distance of 4.437 m was used. The scattering intensity was monitored by a Mar 165-mm diameter CCD detector with 2048 × 2048 pixels. The two-dimensional scattering patterns were azimuthally integrated to afford one-dimensional profiles presented as the scattering vector (q) versus scattering intensity, where the magnitude of the scattering vector is given by q = (4π/λ)sinθ. Transmission electron microscopy (TEM) was performed on a Jeol JEM-2100F field-emission transmission electron microscope (Tokyo, Japan) with an acceleration voltage of 200 kV. Specimens (50-nm thick) were prepared by sectioning epoxy-embedded samples using a RMC Boeckeler PT-PC PowerTome Ultramicrotome (Tucson, AZ).
PES-b-PLA synthesis
PES-b-PLA was synthesized based on the procedure we reported previously [17] . PES was synthesized by the S N Ar polymerization of 4-fluoro-4′-hydroxydiphenyl sulfone potassium salt (2) in DMSO at 100°C using 1-(allyloxy)-4-((4-fluorophenyl)sulfonyl)benzene (1) as the initiator. By varying the molar ratio of 1:2, PESs with different molar masses were produced, and results are summarized in Table S1 . After installing the hydroxyl group via a thiol-ene reaction with 2-mercaptoethanol to produce PES-OH, PESb-PLA was obtained by the polymerization of d,l-lactide catalyzed by DBU (1.5-4 equiv to PES-OH) in DMF at room temperature. The ratio of [PES-OH]:[d,l-lactide] in the polymerization mixture and the characterization details of the as-synthesized PES-b-PLAs are also included in Table S2 .
Sample preparation
A solution of PES-b-PLA was prepared in chloroform (1.3 wt%) and cast onto a glass substrate. After evaporating the solvent under ambient conditions, the film was completely dried under vacuum at 100°C overnight.
Results and discussion

PES-b-PLA synthesis
The synthetic route to PES-b-PLA by combining CGCP and ROP is depicted in Scheme 1. Briefly, the S N Ar polymerization of 4-fluoro-4′-hydroxydiphenyl sulfone potassium salt in the presence of 1-(allyloxy)-4-((4-fluorophenyl) sulfonyl)benzene afforded PES possessing allyl and fluorine end groups. The hydroxyl group was installed by exposing the material to UV light in the presence of 2-mercaptoethanol and 2,2-dimethoxy-2-phenylacetophenone (DMPA) to achieve a radical-mediated thiol-ene reaction. PES-b-PLA was produced using 1,8-diazabicyclo (5.4.0)undec-7-ene (DBU) as the organocatalyst for the ROP of d,l-lactide.
Representative 1 H NMR spectra acquired after each synthetic step are presented in Fig. 1a (see Fig. S1 in the Supporting Information for all the 1 H NMR spectra of PESallyl and PES-OH synthesized in this study). The vinyl protons of PES-allyl at 5.1-6.0 ppm completely disappeared after the thiol-ene reaction, and all the end group protons in the hydroxyl-functionalized PES could be identified and clearly assigned. Their integrals were consistent with the expected structure. SEC analysis indicated a negligible change in the molar mass distribution from the thiol-ene reaction (Fig. S2) , supporting that the chemical transformation occurred in a quantitative fashion without any noticeable side reactions. The M n of PES was thus calculated by comparing the integral of the signal of the aromatic proton adjacent to the ethereal oxygen in the repeating unit at 7.3 ppm with that of the proton adjacent to the fluorine end group at 7.5 ppm (Fig. S3 ). After chain extension with PLA, the methine protons corresponding to the PLA repeating unit (5.3 ppm), as well as the end group (4.3 ppm) were discernable. The proton adjacent to the hydroxyl initiating group exhibited a downfield shift from 3.5 to 4.2 ppm, supporting that PLA was successfully grown from the hydroxyl end of PES.
Representative SEC traces of PES-b-PLA are shown in Fig. 1b (see Figs. S4 and S5 for the 1 H NMR spectra and SEC traces of all the PES-b-PLAs synthesized in this study). While PES exhibited a relatively unimodal peak indicating a narrow molar mass distribution, the as-synthesized PES-b-PLAs showed a low molar mass shoulder corresponding to the PES homopolymer. We posit that PES homopolymers lacking the allyl group might have been produced during CGCP presumably by transesterification at the initiating site or unintended initiation by the monomer. An increase in Ð and a concomitant decrease in the initiator-to-end group ratio of PES-OH with increasing [I]:[M] ratio supports this hypothesis (Table S1 ). Since it is important to use well-defined block copolymers without homopolymer impurities when investigating the phase behavior, we purified the as-synthesized PES-b-PLA by using preparative SEC. The SEC trace after the purification showed no shoulder. The 1 H NMR data support the removal of the PES homopolymer based on the disappearance of the phenolic end group protons at 6.8-6.9 and 7.7-7.8 ppm and a relative decrease in the integral of the PES protons compared with the PLA protons. The initiator-to-end group ratio in the PES block increased and approached 1 after purification, which is also consistent with removal of the PES homopolymer. We note that introducing the hydroxyl group onto the initiating end of the PES block was critical for the synthesis of well-defined PES-b-PLA, allowing separation of the PES homopolymer. Table 1 summarizes the characterization details of the PES-b-PLAs. We denote the PES-b-PLA as SL(x, y), where x and y indicate the total M n and the PES volume fraction, respectively. Density values of d PES = 1.37 and d PLA = 1.25 g cm −3 were used to determine the volume composition. We indicate the assynthesized PES-b-PLAs directly subjected to the phase behavior study as SLa(x, y).
Microphase separation behavior
We prepared free-standing films of PES-b-PLAs from their chloroform solutions. DSC analysis of PES-b-PLA revealed a single glass transition, which was assigned to that of PLA (Fig. 2) . The observed transition temperature (T g ) was lower than the typical T g of PLA (ca. 53°C), presumably due to the low molar mass of the PLA block. The glass transition a b of PES was not discernable in the thermograms of PES-b-PLA and PES-OH synthesized in this study (evaluated up to 150°C). We have previously reported that the T g of even PES with M n = 1.6 kg mol −1 exceeds 150°C [13] . We also observed broadening in the SEC traces when the samples were heated above 170°C. Transesterification seems to occur in the PLA block in this temperature range, leading to the scrambling of the chains. The presence of T g,PLA suggests that PLA microdomains are formed in PES-b-PLA via microphase separation.
We examined the microphase-separated morphologies of PES-b-PLA by synchrotron SAXS, and the data obtained at 150°C are summarized in Fig. 3 . We observed sharpening of the principal scattering peak at q* accompanied by the emergence of higher-order peaks in the course of heating (Fig. S6) . The scattering pattern at 150°C persisted upon cooling to room temperature. We did not observe an order-order or ODT in the temperature range of 20-170°C for the polymers synthesized in this study. Due to the thermal stability of PLA, thermal annealing of PES-b-PLA above the T g,PES and locating an ODT at a higher temperature was not possible.
From the presence and position of the higher-order scattering peaks relative to q*, we assigned spherical (C), cylindrical (H), lamellar (L), and disordered (I) morphologies to the scattering patterns. PES-b-PLA possessing PES blocks as the minor fraction reproduces most of the ordered phases observed in diblock copolymer microphase separation. Body-centered cubic C and hexagonal H phases were observed in relatively low f PES regimes, and PES-b-PLAs with a lower molar mass showed a higher degree of order, as evidenced by the presence of higher-order scattering peaks. A TEM image of SL(9.0, 0.37) stained with RuO 4 is shown in Fig. 4 , and the micrograph revealed dark PES microdomains surrounded by light gray PLA matrix. An alternating L phase was found at f PES~0 .4. SL(8.4, 0.40) with a degree of polymerization (N) of 91 exhibited a lamellar structure with a domain spacing (d = 2π/q*) of 14 nm. Even with a similar composition, PES-b-PLAs with a lower N exhibited single broad peaks, indicating a disordered morphology. The appearance of a small tip on top of the peak, however, suggests that these polymers are on the verge of ODT. We also observed a single broad scattering peak for the higher molar mass PES-b-PLA, presumably because of its slow chain dynamics. It was difficult to determine well-defined scattering features in PES-b-PLAs with higher f PES . SL(4.7, 0.83) did not exhibit any scattering peaks.
The formation of ordered morphologies in PES-b-PLA is interesting considering that the PES chains are in the glassy state in the employed temperature range. It seems that the PLA chains become mobile during heating, allow the ordering of isolated PES microdomains. We note that the PLA-b-PES-b-PLA triblock copolymer also formed a wellorganized lamellar morphology, supporting our hypothesis [16] . The relatively low-intensity higher-order scattering peaks, however, may be related to high T g,PES , which would impede further ordering [18] . We also note that increasing the molar mass seems to hinder the chain dynamics, leading to a low degree of order. For instance, SL(10.5, 0.39) exhibited a broad peak at a lower q* than lamellae-forming SL(8.4, 0.40), but it did not form an ordered phase during the given annealing time despite its higher N. We speculate that the higher PES molar mass would slow the dynamics by increasing T g,PES (estimated to be >180°C) [13] . SL (12.4, 0.33) and SL(24.3, 0.16), which have similar M n,PES , formed ordered morphologies consisting of PES cylinders and spheres in the PLA matrix. A PLA matrix with a relatively low T g surrounding the discrete PES microdomains appears to allow the periodic arrangement of the PES microdomains. Figure 5 summarizes the observed phases as a function of f PES and N. Because the number of samples with a symmetric lamellar phase was not sufficient, it was not possible to estimate χ from the relationship between d and N in the weak segregation limit. Nonetheless, from SL(7.5, 0.39) in the disordered phase (N = 81) and SL(8.4, 0.40) in the lamellar phase (N = 91), we found that χ at 150°C should be in the range of 0.115 < χ < 0.130 assuming the relationship χN ODT = 10.5 [19] . For instance, compared with that of polystyrene-b-polylactide (PS-b-PLA) at 150°C (χ = 0.075) [2, 18] , χ PES-b-PLA seems to be much higher, indicating strong incompatibility between PES and PLA. In the case of polystyrene-b-poly(methyl methacrylate) (PS-b-PMMA), which is conventionally used for block copolymer lithography, χ at 150°C is estimated as 0.030 [2, 18] . To the best of our knowledge, this is the first estimation of the χ value of engineering plastic-containing block copolymers prepared via CGCP. This result suggests that the integration of condensation engineering plastics, such as PES into block copolymer architectures may be a promising strategy for accessing smaller features through block copolymer self-assembly.
We also examined some as-synthesized PES-b-PLAs containing PES homopolymer by SAXS as a preliminary study of PES-b-PLA/PES blends. Figure 6 shows the SAXS pattern of SLa(7.4, 0.44) obtained at 150°C, and this sample contained 8 vol% of PES homopolymer based on 1 H NMR analysis ( Figs. S7 and S8) . Several higher-order scattering peaks were evident, and they were assigned to a gyroid structure. The PES homopolymer appears to be selectively incorporated in the PES microdomains and stabilize the gyroid phase presumably by relieving the packing frustration [20] . While this supports the versatility of the PES-b-PLA phase behavior, it is interesting that PES-b-PLA can form an ordered morphology consisting of bicontinuous PES and PLA microdomains despite the glassy nature of PES. 
Conclusion
A series of well-defined PES-b-PLAs were synthesized by combining CGCP with ROP. By modifying the allyl functional group at the initiating site of the CGCP and installing a hydroxyl group via a thiol-ene reaction, a unique diblock copolymer possessing PES and poly(aliphatic ester) blocks could be produced. The microphase separation behaviors of these polymers were generally consistent with the wellestablished phase behavior of diblock copolymers. While the PES block remained glassy in the employed temperature range, ordered morphologies were observed for polymers with PES blocks as the minor fraction. The chain mobility provided by the PLA blocks upon heating seems to allow the block copolymers to arrange their PES microdomains in an ordered fashion. The effective interaction parameters, χ, of block copolymers containing an engineering plastic block synthesized by CGCP were assessed for the first time. By using the degrees of polymerization of PES-b-PLAs in the vicinity of the ODT at 150°C, the value was estimated to be in the range of 0.115 < χ < 0.130, which was much higher than those of PS-b-PLA and PS-b-PMMA. Combined with the excellent mechanical properties of PES and the high hydrolytic susceptibility of PLA, the strong incompatibility of PES with PLA suggests the utility of this block copolymer system as a promising material for block copolymer lithography and next-generation filtration applications. 
